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 Neostigmine takes at least 8 min to have its
maximal effect and is only effective if recovery
from neuromuscular block has commenced.
 Sugammadex, in the correct dose, can reverse
any degree of neuromuscular block produced by
rocuronium or vecuronium.
 Although rare, anaphylaxis ismore commonwith
sugammadex than neostigmine.
 Full recovery from neuromuscular block is more
likely with sugammadex than neostigmine.
 Inadequate recovery from neuromuscular block
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ForBy reading this article, you should be able to:
 Detail the advantages and disadvantages of using
neostigmine to reverse neuromuscular block.
 Detail the advantages and disadvantages of using
sugammadex.
 Understand the risks associated with inadequate
recovery from neuromuscular block at the end of
anaesthesia.
 Have a basic knowledge of new reversal agents
under development.after tracheal extubation is associated with anincreased incidence of postoperative complica-
tions. The train-of-four ratio should be at least 0.9
before extubation.
Ideal properties of a reversal agent
Certain characteristics are prerequisites to developing a new
reversal agent for antagonising neuromuscular block in the
21st century. These are listed in Box 1. To date, no reversal
agent fulfils all these characteristics and hence the search
continues.Neostigmine: advantages and disadvantages
The pharmacology of the anticholinesterases has been
described in detail in this journal.1 The use of neostigmine is
ubiquitous and has been for many decades. It is now the only
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does require the simultaneous use of an anticholinergic agent
such as glycopyrrolate or atropine to prevent its muscarinic
effects including bradycardia, bronchospasm, and increased
intestinal motility. It is only efficacious if recovery from
neuromuscular block has commenced: at least two twitches
of the train-of-four (TOF) response should be detectable before
it is given.2 It also takes at least 8 min to have its maximum
effectda fact that is often forgotten by clinicians.2 Neostig-
mine has a ceiling effect: increasing its dose does not neces-
sarily increase its efficacy, which is a limitation of its use.3 It
may also cause depolarising block if given in excess. It is
excreted in the urine and hence has a prolonged muscarinic
effect in patients with renal insufficiency. Neostigmine has
very little allergenicity; reports of anaphylaxis to neostigmine




Ideal characteristics of a reversal agent to antagonise
neuromuscular block.
- Can be used to reverse any neuromuscular block-
ing drug.
- Can be used to reverse any depth of neuromuscular
block.
- A rapid onset of maximal effect (within a few
minutes).
- No adverse cardiovascular effects.
- No adverse muscarinic effects (e.g. bradycardia,
bronchospasm, abdominal pain, nausea and
vomiting).
- No histamine release or risk of anaphylaxis.
- Not dependent on organ elimination.
- No ceiling effect.
- Does not produce depolarising block if given in
excess.
- Low cost.
- Available as a solution.
Reversal of neuromuscular blockSugammadex
Drug design and pharmacology
The need to improve the efficacy of reversal of neuromuscular
block led to the development of sugammadex. Sugammadex
is a g cyclodextrin (per-6-[2-carboxyethylthio]-per-6-deoxy-
gamma-cyclodextrin sodium salt) that encapsulates or che-
lates aminosteroidal neuromuscular blocking drugs in a 1:1
ratio (Fig. 1). It consists of eight a-D-glucopyranoside units
attached by a 1e4 linkages into a hollow ring-like structure
known as a toroid. Sugammadex does not require coadmin-
istration of an antimuscarinic agent. It does not reverse re-
sidual block produced by other non-depolarising
neuromuscular blocking drugs such as the benzylisoquinoli-
nium compounds atracurium, cisatracurium and mivacu-
rium. Its greatest affinity is for rocuronium, but it will also
antagonise vecuronium at a slightly slower rate.4 Sugamma-
dex has been used to reverse the effects of pancuronium but
this use is not indicated on its data sheet.3
Sugammadex has a lipophilic core and eight outer tails
with a negative charge at their tips (Fig. 1).2 These negative
charges attract the positively charged quaternary ammonium
group on the aminosteroid molecule, drawing the neuro-
muscular blocking drug into the more lipophilic core of the
toroid and holding it there irreversibly. The attraction of
sugammadex for rocuronium is as strong as the attraction of
acetylcholine to the postsynaptic nicotinic receptor.3 The
rocuroniumesugammadex complex is excreted in the urine
with a plasma clearance similar to the glomerular filtration
rate.5
Pharmacodynamics
The onset of action of sugammadex at various degrees of
neuromuscular block is dose dependent.2,3 If sugammadex is
to be beneficial, it must act much more rapidly than neostig-
mine. When moderate neuromuscular block is present, with
only two twitches of the TOF response detectable, a dose of
sugammadex 2.0 mg kg1 will restore full recovery with a TOF2 BJA Education - Volume xxx, Number xxx, xxxxratio (TOFR) of at least 90% within 2 min. This is much faster
than can be achieved with neostigmine. If profound (also
called deep) neuromuscular block is still present, with no TOF
count detectable and only a post-tetanic twitch response
attainable, then the dose required is sugammadex 4e8 mg
kg1. Neostigmine is ineffective at such deep levels of neuro-
muscular block. Theoretically, if immediate reversal of
rocuronium is required after its administration, as in a failure
to intubate situation, then sugammadex 16 mg kg1 is
advised. However several vials of sugammadex would need to
be drawn up to obtain this dose in an adult, which is time-
consuming to prepare.
It is now very well established that sugammadex is more
efficacious in reversing neuromuscular block from the ste-
roidal agents than neostigmine if given in the correct dose.6
Because of pricing issues, some clinicians have used doses
of sugammadex lower than those recommended on the data
sheet, with inadequate recovery or transient worsening of the
degree of neuromuscular block.3 This approach is not to be
recommended.Advantages and disadvantages of sugammadex
The undoubted ability of sugammadex to reverse all depths of
neuromuscular block produced by rocuronium or vecuronium
is a useful characteristic of a reversal agent (Box 1). As the drug
is a cyclodextrin, it would be expected to be an inert molecule
with few adverse effects.
Sugammadex became available for clinical use in the UK in
2008. It was already available inmany parts ofWestern Europe
and Japan, but it took until December 2015 to be approved by
the Food and Drug Administration (FDA) for use in the USA. In
the UK, the price of sugammadex far exceeded that of
neostigmine, an important factor in limiting its use. Price was
not a controlling factor in other parts of Western Europe such
as France, Germany, and Spain, and nor was it a problem in
Japan. Hence the use of sugammadex became routine in those
countries, whereas in the UK, the price of sugammadex often
restricted its use to specific indications such as reversing
profound neuromuscular block. A vial of neostigmine 2.5 mg
with glycopyrrolate 0.5 mg costs less than £1 in the UK,
whereas a dose of sugammadex 2 mg kg1 for a 70 kg subject
costs about £60.Specific uses
Major laparoscopic procedures
For major laparoscopic procedures such as laparoscopic ne-
phrectomy or prostatectomy, there is evidence that the use of
a continuous infusion of rocuronium will improve surgical
operating conditions and allow the use of a low-pressure
pneumoperitoneum, lessening postoperative pain and
discomfort especially in the shoulder tip.7,8 Such anaesthetic
techniques, which use profound (deep) neuromuscular block
with an undetectable TOF count and only a response to tetanic
stimulation, require the use of quantitative neuromuscular
monitoring throughout anaesthesia to providemeasurements
of the TOFR. The use of sugammadex is necessary to reverse
profound neuromuscular block at the end of the procedure.
These techniques have also been used successfully during
laparoscopic bariatric surgery, although the benefits of such
practices are being questioned. They are impossible to un-
dertake if neostigmine is the only reversal agent available.
Fig 1 Structure of sugammadex showing eight glucopyranoside units linked together by a 1e4 linkages to maintain a ring shape.2 One example of the gluco-
pyranoside units and the a 1e4 linkages is encircled (accessible on https://en.m.wikipedia.org).
Reversal of neuromuscular blockTreatment of anaphylaxis to rocuronium
There are reports of sugammadex being used successfully to
treat anaphylaxis to rocuronium when first- and second-line
treatment with adrenaline (epinephrine) and metaraminol
has failed to resuscitate the patient.9 Such treatment is not
recommended on the manufacturer’s datasheet for rocuro-
nium. It has been postulated that the chelation of rocuronium
by sugammadex causes the diffusion of unbound rocuronium
back into the plasma down a concentration gradient, poten-
tiating further chelation and reducing the amount of free drug
available to enhance persisting anaphylaxis.Patients with renal dysfunction
As the rocuroniumesugammadex complex is entirely
excreted in the urine, the use of sugammadex in patients with
kidney dysfunction is not advised in the UK datasheet. It has
been repeatedly demonstrated that reversal of rocuronium-
induced neuromuscular block with sugammadex is effica-
cious in patients with renal dysfunction; but it remains un-
clear as to the fate of the complex, which is still detectable in
the plasma for up to 20 days after administration in these
patients.5Adverse effects of sugammadex
Anaphylaxis
The delay in obtaining approval in the USA by the FDA for the
use of sugammadex resulted from the finding in a small
number of conscious volunteers of allergic-type reactions to
sugammadex including hypotension, skin flushing andbronchospasm. The FDA requested further studies on a larger
number of subjects. Approval was given when further data
had been gathered that suggested the incidence of such re-
actions was low.10 But by 2010, reports had started to emerge
of anaphylactic reactions after the use of sugammadex.3 The
reports were anecdotal and did not always fulfil all the criteria
for anaphylaxis: the clinical presentation was convincing, but
plasma tryptase concentrations had not always been deter-
mined, nor appropriate skin testing undertaken after the
event. The mechanism for these reactions is not fully under-
stood11; nor is the relevance of the rocuroniumesugammadex
complex in this respect, rather than the individual drugs per
se. Nevertheless, these reports have continued to occur, and
an incidence of anaphylaxis to sugammadex of 0.02% has
recently been reported in a second large retrospective study
from Japan.12 In contrast, in the same study, no reports of
anaphylaxis to neostigmine were detected. In the RCoA NAP6
study, which reported in 2018, only one case of anaphylaxis to
sugammadex was recorded out of 64,000 patients, an inci-
dence of 0.0016%.13 Therewere no reports of anaphylaxis from
neostigmine in NAP6 either. The difference between the Jap-
anese and the UK findings is difficult to explain, but could be
caused by sensitisation to sugammadex in the Japanese pop-
ulation who have had a much greater exposure to the drug
than in the UK.12 However, this hypothesis is as yet unproven.Cardiac effects
When the early reports of possible anaphylaxis to sugam-
madex were published, it became apparent that some of the
adverse reactions did not fulfil all the diagnostic criteria.BJA Education - Volume xxx, Number xxx, xxxx 3
Fig 2 Breakdown of the chlorofumarate CW002 by the endogenous amino acid, L-cysteine. The left-hand circle shows the fumarate double bond that is the site of
adduction of CW002 by L-cysteine. The circle on the right indicates where cysteine has been adducted onto CW002 to produce an inert molecule (accessible on
https://en.m.wikipedia.org).26.
Reversal of neuromuscular blockSubsequently, an increasing number of reports of bradycardia
and even cardiac arrest occurredwithout any proved evidence
of an anaphylactic response. These were more common in
patients with pre-existing cardiac problems, often receiving
beta blocking drugs.14 It is now accepted that sugammadex
may have a vagal type of effect, although the mechanism is
unclear. An antimuscarinic drug should always be available
for use when sugammadex is given.Residual neuromuscular block
Inadequate recovery from neuromuscular block with a TOFR
less than 0.9 in the postoperative recovery room occurs in up
to 45% of patients receiving neuromuscular blocking drugs
during anaesthesia. There is increasing evidence of an asso-
ciation between inadequate recovery from neuromuscular
block and respiratory complications in the immediate recov-
ery period, such as arterial desaturation, obstruction of the
upper airway, need for reintubation, and pulmonary aspira-
tion.15 Impaired hypoxic respiratory drive and even unex-
pected admission to the ICU may also ensue. Recovery from
neuromuscular block should always be monitored at the end
of anaesthesia using a quantitative monitor that gives a
recording of the TOFR. Using a qualitative monitor in which
the TOF response is only assessed visually or by touch is
insufficient. Full recovery of the TOFR to more than 0.9 at
tracheal extubation is less common after neostigmine than
after sugammadex.16 This results in fewer immediate respi-
ratory complications if sugammadex is used. However, if
neuromuscular block is not monitored, there is still a small
risk of inadequate recovery even if sugammadex has been
given.17Postoperative pulmonary complications
The as yet unanswered question is whether this reduced
incidence of immediate postoperative complications after
sugammadex leads to a reduced incidence of postoperative
pulmonary complications in the days after surgery. The evi-
dence is accruing to support this hypothesis, although many4 BJA Education - Volume xxx, Number xxx, xxxxof the data published so far are from underpowered, retro-
spective studies.18 Statistically significant differences be-
tween sugammadex and neostigmine in terms of
postoperative pulmonary complications (POPC) have not al-
ways been found, although odds ratios have suggested that
sugammadex is superior in this respect. The recent results of a
very large retrospective study of 45,712 patients in the USA
from the Multicenter Perioperative Outcomes Group (MPOG)
has found a significantly lower risk of POPCda reduction of
30%dif sugammadex rather than neostigmine had been used,
however.18
There is certainly evidence that POPC aremore common if a
neuromuscular blocking drug has been used during anaes-
thesia.19 The incidence of POPC is in the order of 10e12%when
neuromuscular blocking drugs are used, whereas it is only
about 4% if the patient breathes spontaneously during general
anaesthesia. In 2005, Arbous and colleagues demonstrated in a
retrospective study that lack of reversal of residual neuro-
muscular block was an independent risk factor for
anaesthetic-related morbidity and mortality in the 24 h after
surgery.20 But whether the use of a reversal agent reduces the
risk of POPC in the days after surgery has been repeatedly
questioned since Arbous and colleagues report.21 There is ev-
idence from the USA, but only from large retrospective studies
when sugammadex was not yet available, that the use of
neostigmine is associatedwithahigher incidenceof POPC than
if no antagonist is given after the use of a neuromuscular
blocking drug.21,22 In 2019, a very large, prospective, observa-
tional study in Europe (POPULAR) of more than 22,000 patients
found no difference in the incidence of POPC between patients
who received neostigmine or sugammadex.23 Again, in the
European study, reversal of neuromuscular blockwas found to
be associated with an increased risk of POPC if a TOFR of 0.9
before extubationwas takenas the cut-off point, aswas theuse
of anyneuromuscular blocking drug.23However, there is nowa
suggestion that, if the TOFR is allowed to recover to 0.95 rather
than 0.9 before tracheal extubation, certainly when accel-
eromyographic monitoring is used, the incidence of POPC is
reduced, whether or not a reversal agent has been used.24
Fig 3 The chemical structure of one of the cucurbituril group of molecular containers, calabadion 1.28 The bracketed section of the molecule on the right contains a
variable number of nitrogen atoms. Calabadion 1 contains five nitrogen atoms, calabadion 2 contains six, etc. (accessible on https://en.m.wikipedia.org).
Reversal of neuromuscular blockNew developments
Chlorofumarates antagonised by L-cysteine
One ideal property of a neuromuscular blocking drug is that it
breaks down, preferably spontaneously, in the plasma and
therefore is not dependent on organ function, in particular the
liver or kidney, for its elimination. In the search for such new
neuromuscular blocking drugs, and in an attempt to shorten
the onset time of non-depolarising agents without any
adverse cardiovascular effects, Savarese and colleagues in the
USA have developed a new group of benzylisoquinoliniums
known as chlorofumarates.25 These compounds undergo
metabolism in the plasma by the endogenous amino acid, L-
cysteine. The first chlorofumarate to undergo clinical trials
was gantacurium (GW280430A).25 Gantacurium had a com-
parable onset of action to rocuronium and a very short dura-
tion of effect similar to succinylcholine, but released sufficient
histamine to deter its further development. However, two
newer chlorofumarates, also metabolised by plasma L-
cysteine, show more promise. In man, CW002 (now to be
referred to as RP1000) has a similar onset of action to
rocuronium at 90 s with a dose of 1.8  ED95 (0.14 mg kg1),
and a clinical duration of action similar to atracurium of 34
min.26 CW002 can be rapidly antagonised by L-cysteine 50 mg
kg1 within 1min of establishing neuromuscular block (Fig. 2).
In contrast, neostigmine will not reverse profound block from
CW002. CW002 is about to undergo Phase III clinical trials.Another, shorter-acting chlorofumarate, CW 1759-50 (to be
known as RP3000 in future studies), has an onset of action in
rhesus monkeys similar to rocuronium. In vitro, it is adducted
by L-cysteine within 2.3 min. The duration of action of CW
1759-90 is similar to succinylcholine at 7.4 (1.9) min.27
Administration of L-cysteine shortens recovery after a bolus
dose or an infusion of CW 1759-50. Neither of these com-
pounds seems to have adverse cardiovascular effects in Phase
I or II studies. They can also be reversed once recovery is
established by neostigmine. However, reversal with i.v. L-
cysteine has a more rapid effect. Marketing of a suitable pro-
prietary preparation of L-cysteine is being considered. The
amino acid is already available for use in parenteral nutrition,
but the doses used in that clinical setting are inappropriate for
its use as a reversal agent.Calabadion 1 and 2
In an attempt to develop a reversal agent that is effective in
antagonising both aminosteroidal and benzylisoquinolinium
neuromuscular blocking drugs, a new group of acyclical
compounds have been investigated. The cucurbituril family of
molecular containers have a similar mode of action to
sugammadex (Fig. 3). Their structure consists of a methylene-
bridged glycouril tetramer capped by two o-xylylene rings. The
four sulfonate groups on the bridging units point away from
the cavity making the drug into a C-shape to bind the neuro-
muscular blocking drug. Early studies in rats showed thatBJA Education - Volume xxx, Number xxx, xxxx 5
Reversal of neuromuscular blockcalabadion 1 was equally efficacious in reversing rocuronium
and cisatracurium, but it had less of an affinity for rocuronium
than sugammadex. However, in a rat model, calabadion 2
rapidly reverses profound block from rocuronium, vecuro-
nium, and cisatracurium in a dose-dependent manner. It is
more efficacious than sugammadex in reversing profound
block from rocuronium.28 Calabadion 2 has 89 times more
affinity for rocuronium than sugammadex. It is excreted in the
urine. Studies of all these new compounds in humans are
awaited.Declaration of interests
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